Protein Short-Time Diffusion in a Naturally Crowded Environment. by Grimaldo, M et al.
Protein Short-Time Diﬀusion in a Naturally Crowded Environment
Marco Grimaldo,*,† Hender Lopez,†,‡,§ Christian Beck,†,‡ Felix Roosen-Runge,*,∥
Martine Moulin,† Juliette M. Devos,† Valerie Laux,† Michael Har̈tlein,† Stefano Da Vela,‡,¶
Ralf Schweins,† Alessandro Mariani,⊥ Fajun Zhang,‡ Jean-Louis Barrat,§ Martin Oettel,‡
V. Trevor Forsyth,#,† Tilo Seydel,*,† and Frank Schreiber‡
†Institut Max von Laue - Paul Langevin (ILL), CS 20156, F-38042 Grenoble Cedex 9, France
‡Institut für Angewandte Physik, Auf der Morgenstelle 10, 72076 Tübingen, Germany
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ABSTRACT: The interior of living cells is a dense and polydisperse suspension of
macromolecules. Such a complex system challenges an understanding in terms of colloidal
suspensions. As a fundamental test we employ neutron spectroscopy to measure the
diﬀusion of tracer proteins (immunoglobulins) in a cell-like environment (cell lysate) with
explicit control over crowding conditions. In combination with Stokesian dynamics
simulation, we address protein diﬀusion on nanosecond time scales where hydrodynamic
interactions dominate over negligible protein collisions. We successfully link the
experimental results on these complex, ﬂexible molecules with coarse-grained simulations
providing a consistent understanding by colloid theories. Both experiments and
simulations show that tracers in polydisperse solutions close to the eﬀective particle
radius Reff = ⟨Ri
3⟩1/3 diﬀuse approximately as if the suspension was monodisperse. The
simulations further show that macromolecules of sizes R > Reff (R < Reff) are slowed more
(less) eﬀectively even at nanosecond time scales, which is highly relevant for a
quantitative understanding of cellular processes.
Living cells are ﬁlled with a polydisperse mixture of proteinsand other macromolecules (including DNA, RNA, and
polysaccharides) suspended in water at high volume fractions
(typically 10−40%). The varying crowding levels of proteins in
living cells may aﬀect their mobility, folding, and stability, and
thus the physical chemistry and physiology of cells.1−3 Several
experimental studies have addressed protein diﬀusion in vivo4−9
and in vitro,10−19 mostly by means of NMR, ﬂuorescence
spectroscopy, and neutron scattering, and the topic has also been
the subject of several computational studies.20−24 In general,
protein diﬀusion was found to decrease with increasing
crowding, although the details of how diﬀusion is modiﬁed by
diﬀerent cellular microenvironments are still unclear.20
A quantitative theoretical understanding of diﬀusion is
generally easier in connection with in vitro studies which oﬀer
better control on many physical parameters such as types of
crowding agents, macromolecular concentration, and temper-
ature. Hence, they are better suited to systematic investigations
regarding such parameters, although at the expense of
simplifying the complex physiological environment, which is
instead fully captured by in vivo studies. These in turn suﬀer from
the lacking ﬂexibility in changing speciﬁc cellular conditions.
Here, we establish a framework combining both approaches
with the use of tunable cell lysate. At the same time, in our
simulations we go beyond standard colloidal modeling (using
monodisperse crowders) and explicitly take into account the
polydispersity of a cellular environment. In that way, we
understand the inﬂuence of a cell-like crowded environment on
the short-time diﬀusion of polyclonal bovine immunoglobulins
(Igs), used as model nonspherical proteins, based on simple
biophysical concepts.
To perform a controlled experiment under rather realistic
conditions, Escherichia coli cells were adapted to a fully
deuterated environment as previously described.25 The cells
were then lysed and the membranes were removed. Sub-
sequently, the cell material was collected and concentrated to
produce the lysate (cf. Supporting Information). Perdeuterated
lysate was used as a cytosol-mimicking polydisperse crowded
environment. The concentrations cIg and clys of Ig and the lysate,
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respectively, were varied covering a total volume fraction range
φ≲ ≲6% 17% and ratios φ φ≲ ≲0.4 / 0.8Ig (φIg is the Ig
volume fraction) to systematically investigate the inﬂuence of
diﬀerent polydispersity. Macromolecular mass fractions of
protein (82.5%), nucleic acids (14.5%), and lipids (1%) were
experimentally estimated, and an additional 2% mass fraction of
sugars was assumed.26 An average partial speciﬁc volume
ν = 0.66lys mL/g for the macromolecular components of lysate
was calculated accordingly27,28 (cf. Supporting Information).
Small angle neutron scattering (SANS),29 as well as (ultra)
small-angle X-ray scattering (USAXS/SAXS)30 and static light
scattering (SLS) were used to further characterize the lysate and
qualitatively assess the batch dependence of the lysate
composition, as well as to check for potential aggregation of Ig
in lysate (see the Supporting Information for details). The data
indicate that, as expected, the lysate contains macromolecules
and assemblies having a very broad range of shapes and length
scales up to several micrometers, as seen by small-angle X-ray
scattering. The precise composition varied between the diﬀerent
batches used in this study. This polydispersity and variation of
the lysate composition is important in testing the generality of
the observations and the robustness of the results. It also
contributes to having environments that are as realistic as
possible. Solutions of the polyvalent Igs used in the present work
were previously studied by Da Vela et al.,31 who found them
stable at the concentrations considered here. Our additional
SANS data show that Ig aggregation upon addition of lysate is
negligible in our system.
Neutron backscattering (NBS) was employed to record
incoherent quasi-elastic neutron scattering (QENS). This
technique has, among others, the advantage of being label-
free, noninvasive, and nondestructive. In this system, NBS
probes predominantly the ensemble-averaged single-particle
self-correlation function of the 1H atoms. The other types of
atoms, including deuterium (D = 2H), possess a signiﬁcantly
smaller neutron scattering cross section, and therefore
contribute less to the total scattering intensity. In other words,
only the use of heavy water (D2O) and perdeuterated lysate
suﬃciently increases the contrast of the Igs of natural isotopic
abundance with the background, allowing us to focus on the
dynamics of the Ig tracers. Hence, neutrons are a unique probe
for the determination of the self-diﬀusion (rotational and
translational), or synonymously tracer diﬀusion, of the model
proteins.
On the picosecond to nanosecond time scale and nanometer
length scale probed by NBS, proteins typically do not diﬀuse
suﬃciently to collide with surrounding molecules, but naturally
interact with the environment through hydrodynamic inter-
actions (HI) in this regime of short-time diﬀusion. In addition to
the experiments, we perform computer simulations providing
accurate information on the diﬀusion of proteins in crowded
environments.22,23 Simulations were recently successfully
employed to interpret and rationalize neutron scattering
experiments.32,33 Because of the time scales and the relevance
of HI in our experiments, we perform simulations based on
Stokesian dynamics34,35 in which HI are considered explicitly
and short-time properties can be calculated. Knowledge on the
short-time diﬀusion as well as HI and its dependence on volume
fraction is not only of fundamental intrinsic interest but also a
prerequisite to quantitatively predict and correctly interpret the
long-time diﬀusion36−39 relevant for several biochemical
processes,36 and being strongly inﬂuenced by protein-shape
eﬀects.40 These processes include any diﬀusion-limited
mechanism involving two or more macromolecules such as
the formation of protein complexes,41 the binding of enzymes to
substrates,42 or protein aggregation,43 as well as the assembly of
intercellular structures such as tubulin and actin ﬁlaments, and
signal transduction.36
To investigate the short-time self-diﬀusion of Ig in lysate, we
employ QENS using IN16B.44 With QENS, the scattering
function ωS q( , ) is recorded, where ωℏ is the energy transfer and
q is the scattering vector. A spectrum ωS q( , ) of a mixture of Ig at
a concentration of 67 mg/mL and lysate at 56 mg/mL at
= −q 0.29 Å 1 is shown in the insets of Figure 1 (red circles), after
subtraction of the empty cuvette signal45,46 and of the lysate
contribution as explained in the Supporting Information. The
data can be well described by a sum of three Lorentzian
functions 3 ω(... , ) (green solid line, see eq 1) modeling a slow
process with line broadening γ q( ) (blue dot-dashed line), a
faster process with line broadening γ + Γq q( ) ( ) (magenta
dashed line), and the separately obtained solvent contribution
(orange dotted line) with ﬁxed values for both width γ q( )D O2 and
intensity β q( )D O2 as explained in the Supporting Information:
9 3
3
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γ ω
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In eq 1, 9 represents the instrumental resolution function,
β q( ), a scalar scaling factor, and A q( )0 is the elastic incoherent
structure factor.47
For the slower process, the relationship γ =q Dq( ) 2 (red solid
line in Figure 1) is not imposed but arises naturally from
Figure 1. Example quasi-elastic neutron scattering data. Inset:
scattering function ωS q( , ) (red circles) of Ig at a concentration of 67
mg/mL in E. coli lysate at 56 mg/mL at =T 293K after subtraction of
the lysate contribution, at =q 0.29Å. The points were rebinned in the
plot, for clarity. The lines depict the Lorentzian functions 3 γ ωq( ( ), )
(blue dot-dashed) 3 γ ω+ Γq q( ( ) ( ), ) (magenta dashed) and
3 γ ωq( ( ), )D O2 (orange dotted) in eq 1. The green solid line
superimposed on the data is the result of the complete ﬁt using eq 1.
Main ﬁgure: half-width at half-maxima γ (red squares) vs q2. The ﬁt
γ =q Dq( ) 2 (solid red line) indicates a simple Brownian diﬀusive
behavior. The ﬁt range is restricted to < −q 1.5 Å2 2.
The Journal of Physical Chemistry Letters Letter
DOI: 10.1021/acs.jpclett.9b00345
J. Phys. Chem. Lett. 2019, 10, 1709−1715
1710
independent ﬁts of the spectra at each q. Thisq2 scaling indicates
that, on the time scale ranging from tens of picoseconds to a few
nanoseconds accessible by NBS, immunoglobulins undergo a
simple Fickian diﬀusion with apparent diﬀusion coeﬃcient D
(including both translational Dt and rotational Dr contribu-
tions14), even in the presence of lysate. For most samples, the
dependence γ ∝ q2 holds well on the entire q-range. However,
for the samples with the lowest signal-to-noise ratio, a stronger
deviation is seen for ≳q 1.52 Å−2, presumably because the signal
from this component weakens at high q. Hence, to avoid
artifacts, we restrict the ﬁt of γ q( ) to <q 1.52 Å−2 for all samples.
The apparent diﬀusion coeﬃcients D obtained from samples
measured at temperatures = ±T 293 2K are plotted versus φ
in Figure 2. The grayΔ symbols refer to suspensions of Ig in pure
D2O, in the absence of lysate. In this case, φ ν= ·cIg Ig, where cIg
and ν = 0.739Ig mL/g are the concentration and the partial
speciﬁc volume of Ig,48 respectively. The dashed line depicts a
polynomial ﬁt to that data, providing an empirical function
φD ( )p describing the eﬀect of self-crowding on the apparent
short-time self-diﬀusion of Ig.
The other symbols in Figure 2, each representing one lysate
batch, show D of Ig in Ig−lysate mixtures as a function of φ. In
this case, φ ν ν= · + ·c cIg Ig lys lys, where clys and νlys are the
concentration and the partial speciﬁc volume of the lysate
components, respectively.
Overall, D in the presence and absence of lysate decreases
with increasing φ in a remarkably similar manner, despite the
striking diﬀerence in the crowded environment. The physical
reasons for this surprising result will become clear below. The
value of the reduced mean-squared deviation χ ̃ ≃ 0.382 of the
data obtained in the presence of lysate from the ﬁt φD ( )p for the
data obtained in pure Ig solutions quantitatively supports their
excellent agreement. As translational−rotational coupling is
strongly protein speciﬁc,16 we intentionally do not separate both
contributions on the basis of unsupported assumptions. The
good agreement of φ φ φ=D D D D( ) ( ( ), ( ))t r for the samples
with and without lysate suggests that the type of crowder is
unimportant for both Dr and Dt.
This observation is further clariﬁed in the inset of Figure 2,
where D is plotted as a function of φD ( )p : the Ig−lysate data
points all lie close to the line φ=D D ( )p , with φ including the
volume fraction of both Ig and the components of lysate. Within
the experimental accuracy, no systematic inﬂuence on φD( ) of
the speciﬁc lysate batch is visible.
It is worth noting that the internal dynamics parameters of the
function ﬁtting the NBS spectra of Ig in the presence of lysate are
found consistent with the self-crowded Ig solution (see
Supporting Information). This ﬁnding suggests that the use of
perdeuterated lysate may also be suitable for studies of protein
internal ﬂuctuations.
To gain further insight into the slowing down of the diﬀusion
of Ig in lysate and the underlying physical mechanisms, we
performed simulations based on Stokesian dynamics34,35 (see
Supporting Information). The method adopted only includes
translational velocity−force coupling (as in ref 23); thus, only
translational short-time diﬀusion is considered in the
simulations. To mimic the biomolecular crowded environment
of the experiments, the simulated lysate solutions are
represented by a set of spheres of diﬀerent sizes. We study
two models for the E. coli cytoplasm, by McGuﬀee and Elcock22
(ME) and by Ando and Skolnick23 (AS), respectively. Both
models have a similar average radius, 3.53 nm for the ME model
and 3.64 nm for the AS model, but they represent rather
diﬀerent size distributions as described by their polydispersity
index α deﬁned as the standard deviation normalized by the
mean of the distribution. For the ME model α = 1.05, while for
the AS model α = 0.51 (for details regarding the size
distributions see the Supporting Information). This simulation
model is still a gross simpliﬁcation in the description of an Ig−
lysate suspension. Notably, Ig and the components of lysate are
nonspherical and also have some internal ﬂexibility. Never-
theless, with this model we capture the correct size range and
size distribution which can be assumed to be the main factors
inﬂuencing the hydrodynamic interactions.
Choosing two intracellular environments allows the evalua-
tion of not only the eﬀect of crowding on the diﬀusion of Ig but
also the sensitivity to the polydispersity of the solution. To
reproduce the experimental conditions, tracers are added to the
chosen lysate, and the short-time diﬀusion is calculated as
explained in the Supporting Information. The parameter
φ φ=y /tr tr is deﬁned, whereφtr is the volume fraction occupied
by the tracers and φ the total volume fraction in the simulations,
i.e.,φ φ φ= +tr lys withφlys the volume fraction of the lysate. In
all cases the number of particles of the lysate was ﬁxed (1001 for
the ME model and 1000 for the AS model) and the size of the
simulation box and the number of tracer particles was varied.
The insets of Figure 3 and Figure S7 show D D/tr 0 for a tracer
of the size of Ig ( =R 5.5tr nm) as a function ofD D/mono 0 for the
Figure 2. Experimental agreement of immunoglobulin diﬀusion under
polydisperse and monodisperse crowding. Main ﬁgure: apparent
diﬀusion coeﬃcient φD( ) as a function of the total volume fraction
φ, i.e., the volume fraction of Ig and lysate combined. The symbols
represent the experimental data recorded at = ±T 293 2K. Gray,
pyramid symbols refer to samples of Ig in the absence of lysate, whereas
other symbols and colors refer to Ig−lysate mixtures with diﬀerent
lysate batches (see the Supporting Information for the assignment of
the batches). Finally, the dashed line depicts a polynomial ﬁt φD ( )p of
the diﬀusion of Ig in pure D2O. Top inset: apparent diﬀusion coeﬃcient
φD( ) as a function of the polynomial function φD ( )p for the samples in
the presence of lysate (Rw
2 is the weighted coeﬃcient of
determination49). The shaded area depicts a ±5% deviation of φD( )
from φD ( )p . Bottom inset: artistic view of the two experimental systems
(Ig−D2O, bottom left, and Ig−lysate mixture, top) and of the
simulations of hard-sphere suspensions (bottom right), all pointing
out the importance of hydrodynamic interactions.
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ME and AS lysate model, respectively, where πη=D k T R/60 B
(η being the solvent viscosity) is the dilute limit translational
diﬀusion coeﬃcient and Dmono is the translational diﬀusion
coeﬃcient of the tracer particles in a monodisperse solution with
same total φ. Dtr is the translational diﬀusion coeﬃcient of the
tracer particles in the polydisperse mixture. In both the ME and
ASmodel, =y 0.3tr , 0.5, and 0.7 (nearly coinciding symbols) are
presented for φ = 0.1, 0.2, and 0.3. The deviations from the
monodisperse situation are small, indicating that despite the
rather complex composition of the suspensions, for a tracer of
the size of Ig diﬀusing in a cellular-like environment only small
diﬀerences should be expected when compared to an equivalent
system (i.e., with the same φ) composed solely of Ig under the
present conditions. Additional simulations performed with
diﬀerent tracer radii show that the size of the tracer determines
whether the normalized short-time diﬀusivities decrease or
increase compared to the monodisperse case. Figure 3, depicts
the ratio D D/tr mono for diﬀerent φ and ytr versus the normalized
tracer radius (ﬁlled symbols). The normalization of the tracer
radius by = ⟨ ⟩R Rieff 33 (angle brackets denote an average over
the entire distribution of spheres in the model) is based on
diﬀusion theory of colloids.50 The leading order hydrodynamic
interactions for the translational self-diﬀusion between two
classes of spheres A (radius RA) and B (radius RB) is given by
50
∫− ∝ ∞D D R R r g r rd ( )/A0 A B3 A
0 AB
2
(2)
Therein, DA is the translational diﬀusion coeﬃcient of a sphere
of class A at ﬁnite concentration and DA0 is its dilute limit. Thus,
neglecting the eﬀects encoded in the partial radial distribution
function g r( )AB and higher-order lubrication eﬀects, a rough
measure for the eﬀective radius of a polydisperse crowder
solution would be based on the average of RB
3 for all particles
classes B, i.e., Reff . Accordingly, a tracer of radius ≈R Rtr eff is
expected to behave similarly to the monodisperse situation.
Indeed, ≈D D/ 1tr mono for tracer radii around Reff for all
compositions, indicating diﬀusion in polydisperse solutions
comparable to monodisperse solutions. For smaller and for
larger tracer radii, the deviation | − |D D/ 1tr mono becomes larger.
The same trend is observed for the spheres composing the
model lysate (empty symbols in Figure 3), the smallest spheres
being more strongly aﬀected by the polydispersity than the large
ones. Furthermore, it is noted that increasing the level of
crowding results in larger deviations from themonodisperse case
for particles of radius larger or smaller than Reff . Similar results
are also obtained for the AS model (Figure S7) showing that
despite the diﬀerence in the polydispersity between both lysate
models, as indicated by their α values, the observed trend is not
aﬀected.
When comparing the hydrodynamic radius of Ig, RIg, to the
eﬀective radii of the lysate−protein solutions, a ratio
≈ −R R/ 0.9 1.3Ig eff is obtained, which explains the observed
insensitivity to polydispersity. The simulation clearly indicates
that this experimental observation is limited to proteins of a
rather large size. We remark that, in the absence of the tracers,
≃R 3.95eff nm and 4.68 nm, for the ME and AS distributions,
respectively. In both cases, Reff is signiﬁcantly larger than the
mean radius of the distribution, and thus most macromolecules
(ME ≈92%, AS ≈87%) are expected to diﬀuse faster in the
cytoplasm than in a monodisperse system at the same volume
fraction. However, e.g., ribosomes as a very abundant macro-
molecular complex in the cytosol51 with a radius around 10 nm
would be strongly slowed down compared to monodisperse
conditions. The simulation results suggest that polydispersity in
the cytosol causes the general trend to slow down larger
macromolecules more strongly than smaller particles via
hydrodynamic interactions already at nanosecond time scales,
before proteins collide. This slowing downwill then unavoidably
aﬀect also molecular mobilities and escape rates for the
descriptions of long-time processes. Our results imply that the
dynamical heterogeneity of a structurally heterogeneous system
is signiﬁcantly increased by crowding, which obviously has
numerous implications for the understanding of the cellular
machinery. We remark that our results based on the hydro-
dynamic interactions in the diﬀusive short-time limit cannot be
directly transferred to the long-time regime, where other factors
such as direct potential interactions might be comparable to the
eﬀect of polydispersity.
In summary, to gain a better understanding of the eﬀect of
macromolecular crowding on the picosecond to nanosecond
protein self-dynamics under controlled but realistic conditions, a
quasi-elastic neutron backscattering experiment was designed.
In this study, the tracer diﬀusion of proteins of natural isotopic
abundance in perdeuterated lysate mimicking the cellular
environment was followed. In this way, we beneﬁt from the
Figure 3. Simulated diﬀerence (agreement for ≈R Reff ) in particle
diﬀusion between polydisperse and monodisperse crowding. Main
ﬁgure: normalized translational diﬀusion coeﬃcientD D/ mono of spheres
with radius R, plotted against the rescaled radius R R/ eff . Dmono denotes
the diﬀusion coeﬃcient obtained in a monodisperse solution of spheres
with radius R at similar volume fraction φ. Reff is the eﬀective radius
= ⟨ ⟩R Rieff 33 , characterizing the crowding conditions in a mixture of
spheres with radii Ri. The ﬁlled symbols depict the diﬀusion coeﬃcients
of the tracers at the ratios φ φ=y /tr tr as speciﬁed in the legend, with the
tracer volume fraction φtr . In particular, the ﬁlled symbols within the
gray rectangle refer to tracers with radius =R Rtr Ig , as in the
experiment. In this case, the deviations of the diﬀusion in the
polydisperse environment from that in a monodisperse system are less
than 5%. The empty symbols denote the diﬀusion coeﬃcients of the
crowders. These are plotted for the case =R Rtr Ig . The plot refers to the
ME lysate model. Inset: reduced tracer diﬀusion coeﬃcient D D/tr 0,
whereD0 is the dilute limit diﬀusion coeﬃcient, for a tracer of the size of
Ig ( = =R R 5.5Ig nm) in a crowder from the ME model as a function
of the reduced diﬀusion coeﬃcient D D/mono 0 in the monodisperse
suspension. The shaded areas (main ﬁgure and inset) depict a ±5%
deviation of Dtr from Dmono.
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incoherent contrast between tracer proteins naturally containing
hydrogen and deuterated lysate and solvent (D2O). In order to
systematically investigate the inﬂuence of polydispersity on
short-time diﬀusion, we vary the concentration of lysate and of
the nonspherical model protein Ig and ﬁnd its diﬀusive motion
on a nanosecond time scale and nanometer length scale to be
determined, within the current accuracy of the experiment, only
by the volume fraction φ occupied by all macromolecules
present (in this caseφ φ φ= +Ig lys). This observation is further
corroborated by the fact that the diﬀerent lysate batches with
slightly diﬀerent compositions lead to consistent results. Our
experiments demonstrate the suitability of deuterated lysate as a
tunable biomimicking crowding agent for neutron scattering
experiments, which opens various opportunities for future
systematic studies of the impact of a natural environment on
protein global and internal dynamics.
The experimental results strengthen a conceptual connection
of complex biological systems to quantitative accounts of
statistical physics of colloids and coarse-grained simulations. We
ﬁnd that, for a crowder composition as in a living cell, the
diﬀusion of tracers with a radius close to the ensemble eﬀective
radius = ⟨ ⟩R Rieff 33 is similar to that for a monodisperse
system and weakly dependent on the tracer size. In contrast, for
tracer radii diﬀering signiﬁcantly from Reff , noticeable deviations
are observed. The good qualitative agreement between experi-
ments and simulations points to the major role of hydrodynamic
interactions in determining the short-time protein diﬀusion and
shows that biophysical modeling based on colloid theory is
capable of describing the macromolecular diﬀusion even in the
more complex cellular environment. This outcome also conﬁrms
the generality of coarse-grained molecular dynamics simulations
and allows us to design simpliﬁed simulation setups for
macromolecules in the cytosol.
Understanding how simple systems are slowed down by HI is
essential to estimate the protein mobilities in diﬀerent cellular
compartments and hence determine the time needed for a
protein to come into contact with another protein, which is
highly relevant for docking reactions and ligand transport. Our
result that in a polydisperse system small proteins are slowed
down less and larger particles more than in a monodisperse
suspension is essential information for the understanding of the
cellular physical chemistry and reaction pathways. In addition
this result is also relevant to the kinetics of the in-cell assembly of
large structures.
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